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We propose a cosmological model that uniﬁes inﬂation, deceleration and acceleration phases of 
expansion history by a BIonic system. At the beginning, there are k black fundamental strings that 
transited to the BIon conﬁguration at a given corresponding point. Here, two coupled universes, brane 
and antibrane, are created interacting each other through a wormhole and inﬂate. With decreasing 
temperature, the energy of this wormhole ﬂows into the universe branes and leads to inﬂation. After 
a short time, the wormhole evaporates, the inﬂation ends and a deceleration epoch starts. By approaching 
the brane and antibrane universes together, a tachyon is born, grows and causes the creation of a new 
wormhole. At this time, the brane and antibrane universes result connected again and the late-time 
acceleration era of the universe begins. We compare our model with previous uniﬁed phantom models 
and observational data obtaining some cosmological parameters like temperature in terms of time. We 
also ﬁnd that deceleration parameter is negative during inﬂation and late-time acceleration epochs, while 
it is positive during the deceleration era. This means that the model is consistent, in principle, with 
cosmological observations.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
Recent observations coming from supernovae surveys, large 
scale structure and cosmic microwave background radiation show 
that the Universe is presently undergoing a phase of accelerated 
phantom expansion [1,2]. Before this era, expansion was deceler-
ated, at least up to the nucleosynthesis time. This stage of universe 
history is well explained by the non-phantom type cosmic ﬂuids. 
However, another period of accelerated expansion, named inﬂation, 
acts at very early epochs describing expansion in agreement with 
observational data [3–7]. Up to now, several models have been pre-
sented to unify the early time inﬂation with the today observed 
accelerated phantom phase. For example, some authors have found 
that the Universe dynamics begins by an inﬂationary phase and 
converges towards a CDM model if the ﬂuid coupled to dark en-
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SCOAP3.ergy has a negative energy density at early time [8]. Other authors 
have considered the recent cosmological deceleration-acceleration 
transition redshift in f (R) gravity. They proposed a model where 
the deceleration parameter changes sign at a redshift consistent 
with observations [9]. In other scenarios, the future evolution of 
quintessence/phantom dominated epoch in modiﬁed f (R) grav-
ity has been considered [10,11]. This type of gravity uniﬁes the 
early-time inﬂation with late-time acceleration and is consistent, 
in principle, with observational data [12]. Furthermore the uni-
verse expansion history, unifying early-time inﬂation and late-time 
acceleration, can be realized in scalar-tensor gravity minimally or 
non-minimally coupled to curvature [13].
However, one of the best models unifying the early-time inﬂa-
tion with late-time acceleration is the phantom cosmology. This 
model allows to study the inﬂationary epoch, the transition to 
the non-phantom standard cosmology (radiation/matter dominated 
eras) and today observed dark energy epoch. In the uniﬁed phan-
tom cosmology, the same scalar ﬁeld plays the role of early time 
(phantom) inﬂaton and late-time Dark Energy. The recent transi- under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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by the same scalar ﬁeld [14]. Despite these reliable features, the 
main question that arises is about the origin of the phantom ﬁeld. 
The answer to this question can come, at a fundamental level, by 
taking into account a brane–antibrane system undergoing three 
different stages along its evolution. At ﬁrst stage, k black funda-
mental strings transit to the so-called BIon conﬁguration at match-
ing point. The BIon is a conﬁguration in ﬂat space of a brane uni-
verse and a parallel antibrane universe connected by a wormhole 
[15,16]. At transition point, the thermodynamics of this conﬁgura-
tion can be matched to that of k non-extremal black fundamen-
tal strings. At lower temperature, the wormhole throat becomes 
smaller, its energy is transferred to the universe branes and leads 
to its accelerated expansion. After a short time, this wormhole 
evaporates, inﬂation ends and non-phantom era begins. This is the 
second stage of Universe expansion history. Eventually, two brane 
and antibrane universes become close to each other, the tachyonic 
potential between them increases and a new wormhole is formed. 
At this stage, the Universe evolves from the non-phantom phase to 
the phantom one and consequently, the late phantom-dominated 
era starts and ends up in the Big-Rip singularity.
We can compare this dynamics with the results in Ref. [14] and 
obtain the wormhole throat features and temperature in terms of 
time.
The outline of the paper is the following. In Section 2, we 
discuss the inﬂationary stage in BIon system and show that all 
cosmological parameters depend on the wormhole parameters be-
tween the two branes. In Section 3, we study the second stage 
where the wormhole evaporates and the pair brane and antibrane 
universes result disconnected. In Section 4, we consider the third 
stage where a new tachyonic wormhole is formed between branes 
and accelerates the destruction of the universes towards a big rip. 
In Section 5, we test our model against observational data. The last 
section is devoted to summary and conclusions.
2. Stage 1: the early time inﬂation
In this section, we assume that there is only a ﬂuid of k black 
fundamental strings at the beginning. In our model, the Universe 
is born at a point corresponding where the thermodynamics of k
non-extremal black fundamental strings is matched to that of the 
BIon conﬁguration. We will construct the inﬂation in BIon and dis-
cuss that the wormholes between branes have direct effect on the 
inﬂation. We can also show that all parameters of inﬂation depend 
on the number of branes and on the distance between branes.
Let us start with the supergravity solution for k coincident non-
extremal black F -strings lying along the z direction as discussed in 
[16,17]:
ds2 = H−1(− f dt2 + dz2) + f −1dr2 + r2d27,
H = 1+ r
6
0 sinh
2 α¯
r6
, f = 1− r
6
0
r6
,
k2 = 3
12T 4D3(cosh
2 α¯ − 1)
212π6T 2F1T
12 cosh10 α¯
. (1)
In above equation, T is the ﬁnite temperature of BIon, k is the 
number of black F -strings and TD3 and T F1 are tensions of brane 
and fundamental strings respectively. The mass density along the 
z direction can be found from the metric [17]:
dMF1
dz
= T F1k + 16(T F1kπ)
3/2T 3
81TD3
+ 40T
2
F1k
2π3T 6
729T 2D3
. (2)
At the corresponding point, the k black F -strings transit to the 
BIon conﬁguration where the string coupling constant (gs  1) be-comes very small. On the other hand, brane tension depends on 
the inverse of string coupling (TD3 = 1
(2π)3 gsl4s
) and tends to larger 
values at transition point. However, the string tension (T F1 = 12π l2s ) 
remains constant and thus 
40T 2F1k
2π3T 6
729T 2D3
= 840g2s l4s k2π7T 6729 is smaller 
than 16(T F1kπ)
3/2T 3
81TD3
= 16gslsπ3(2k)3/2T 381 and both are smaller than 1. 
Finally, we can write:
dMF1
dz
= T F1k + AT 3 + BT 6
A = 16(T F1kπ)
3/2
81TD3
= 16gslsπ
3(2k)3/2
81
 1
B = 40T
2
F1k
2π3
729T 2D3
= 840g
2
s l
4
s k
2π7
729
 1
B
A
 gsl4s  1 (3)
Thus, we can ignore higher orders of (
1
TD3
) in our calculations 
but the above approximation is valid. For ﬁnite temperature BIon 
conﬁgurations, the metric takes the form [16]:
ds2 = −dt2 + dr2 + r2(dθ2 + sin2 θdφ2) +
6∑
i=1
dx2i . (4)
If one chooses the world volume coordinates of the D3-brane as 
{σ a, a = 0, . . . , 3} and deﬁning τ = σ 0, σ = σ 1, then, the coordi-
nates of BIon assume the form [15,16]:
t(σ a) = τ , r(σ a) = σ , x1(σ a) = z(σ ), θ(σ a) = σ 2, φ(σ a) = σ 3
(5)
and the remaining coordinates xi=2,...,6 are constant. The embed-
ding function z(σ ) describes the bending of the brane. Let z be 
a transverse coordinate to the branes and σ be the radius on the 
world-volume. The induced metric on the brane is:
γabdσ
adσ b = −dτ 2 + (1+ z′(σ )2)dσ 2 + σ 2(dθ2 + sin2 θdφ2)
(6)
so that the spatial volume element is dV3 =
√
1+ z′(σ )2σ 2d2. 
We impose the two boundary conditions z(σ ) → 0 for σ → ∞
and z′(σ ) → −∞ for σ → σ0, where σ0 is the minimal two-sphere 
radius of the conﬁguration. For this BIon, the mass density along 
the z direction can be obtained [16]:
dMBIon
dz
= T F1k + 3π T
2
F1k
2T 4
32T 2D3σ
2
0
+ 7π
2T 3F1k
3T 8
512T 4D3σ
4
0
. (7)
As it can be seen from the above equation, the mass density along 
the z direction depends on the brane tension (TD3). At transition 
point, a brane and an antibrane are produced and expand very 
fast. Consequently, TD3 grows and achieve large values. On the 
hand, the string tension (T F1 = 12π l2s ) remains constant and thus 
7π2T 3F1k
3T 8
512T 4D3σ
4
0
is smaller than 
3π T 2F1k
2T 4
32T 2D3σ
2
0
and both are smaller than 1. 
It is
dMBIon
dz
= T F1k + A′T 4 + B ′T 8
A′ = 3π T
2
F1k
2
32T 2 σ 2
= 48π
5g2s l
2
s k
2
32σ 2
 1D3 0 0
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2T 3F1k
3
512T 4D3σ
4
0
= 7π
11g4s l
10
s k
3
σ 40
 1
B ′
A′
 1
T 2D3
 g2s l8s  1 (8)
For this reason, we can ignore higher order terms in this expres-
sion. Comparing the mass densities for BIon to the mass density 
for the F -strings, we see that the thermal BIon conﬁguration be-
haves like k F -strings at σ = σ0. At this corresponding point, σ0
should have the following dependence on the temperature:
σ0 =
(√
kT F1
TD3
)1/2 √
T
[
C0 + C1
√
kT F1
TD3
T 3
]
, (9)
where T F1 = 4kπ2TD3gsl2s , C0, C1, F0, F1 and F2 are numerical 
coeﬃcients which can be determined by requiring that the T 3 and 
T 6 terms in Eqs. (2) and (7) are matched. At this point, the two 
universes are born while the wormhole is not formed yet. The met-
ric of these Friedman–Robertson–Walker (FRW) universes are:
ds2Uni1 = ds2Uni2 = −dt2 + a(t)2(dx2 + dy2 + dz2). (10)
The mass density of black F -string, BIon and two universes have 
to be equal at the corresponding point:
ρuni1 + ρuni2 = dMF1
dz
= dMBIon
dz
→
−6H2 = T F1k + 16(T F1kπ)
3/2T 3
81TD3
+ 40T
2
F1k
2π3T 6
729T 2D3
, (11)
where H is the Hubble parameter. Solving this equation, we ob-
tain:
a(T ) = a(0)e−X(T ),
X(T ) = 1√
6
(
T F1k + 16(T F1kπ)
3/2T 3
81TD3
+ 40T
2
F1k
2π3T 6
729T 2D3
)1/2
.
(12)
At the beginning, we have T = ∞ that decreases with time. On 
the other hand, Eq. (12) shows that, at this time, the scale fac-
tor is zero and with the decreasing of temperature, the Universe 
expands.
After a short period, the wormhole is formed between brane 
and antibrane due to the F -string charge and the Universe is enter-
ing the inﬂationary phase. Assuming k units for the F -string charge 
along the radial direction and using Eq. (6), we obtain [15,16]:
z(σ ) =
∞∫
σ
dσ´ (
F (σ´ )2
F (σ0)2
− 1)− 12 . (13)
At ﬁnite temperature BIon conﬁguration, the F (σ ) is given by
F (σ ) = σ 2 4 cosh
2 α − 3
cosh4 α
, (14)
where coshα is determined by the following function:
cosh2 α = 3
2
cos δ3 +
√
3 sin δ3
cos δ
, (15)
with the deﬁnitions:
cos δ ≡ T 4
√
1+ k
2
σ 4
, T ≡
(
9π2N
4
√
3T
)
T , κ ≡ kT F1
4π TD
(16)D3 3In the last equation, T is the ﬁnite temperature of the BIon sys-
tem, N is the number of D3-branes, TD3 and T F1 are the tensions 
of branes and fundamental strings respectively. Attaching a mir-
ror solution to Eq. (13), we construct the wormhole conﬁguration. 
The estimation of separation distance  = 2z(σ0) between the 
N D3-branes and N anti-D3-branes for a given brane–antibrane 
wormhole conﬁguration depends on the four parameters N , k, T
and σ0. We have:
 = 2z(σ0) = 2
∞∫
σ0
dσ´
(
F (σ´ )2
F (σ0)2
− 1
)− 12
. (17)
In the limit of small temperatures, we obtain:
 = 2
√
π(5/4)
(3/4)
σ0
(
1+ 8
27
k2
σ 40
T 8
)
. (18)
Let us now discuss the non-phantom inﬂationary model of uni-
verse in the thermal BIon system. In order to discuss this sce-
nario, we have to compute the contribution of the BIonic system 
to the four-dimensional energy–momentum tensor. The energy–
momentum tensor for a BIonic system with N D3-branes and k
F -string charges is [16],
T 00 = 2T
2
D3
π T 4
F (σ )√
F 2(σ ) − F 2(σ0)
σ 2
4 cosh2 α + 1
cosh4 α
T ii = −γ ii 8T
2
D3
π T 4
F (σ )√
F 2(σ ) − F 2(σ0)
σ 2
1
cosh2 α
, i = 1,2,3
T 44 = 2T
2
D3
π T 4
F (σ )
F (σ0)
σ 2
4 cosh2 α + 1
cosh4 α
(19)
We assume this higher-dimensional stress-energy tensor to be 
a perfect ﬂuid of the form (T ji = diag [−ρ, p, p, p, p¯, p, p, p])
where p¯ is the pressure in the extra space-like dimension. In above 
the equation, we allow the pressure in the extra dimension to be 
different with respect to the pressure in the 3D space. Therefore, 
this stress-energy tensor expresses a homogeneous, anisotropic 
perfect ﬂuid in ten dimensions. This equation shows that with 
increasing temperature in BIonic system, the energy–momentum 
tensors decreases. This is because that when spikes of branes and 
antibranes are well separated, wormhole is not formed and there 
is no channel for ﬂowing energy from universe branes into extra 
dimensions. This means that temperature is very high. However, 
when the two universe branes are close to each other and con-
nected by a wormhole, temperature reduces to lower values.
Now, we can discuss the phantom cosmological model in ﬁ-
nite temperature BIon conﬁguration and obtain the explicit form 
of temperature and equation of state parameter ω. To this end, we 
use the approach reported in Ref. [14] in order to unify BIonic and 
phantom inﬂation through the three phases of universe expansion.
A phantom cosmological model can be described by the follow-
ing action:
S =
∫
d4x
√−g{ 1
2k2
R − 1
2
ω(φ)∂μφ∂
μφ − V (φ)} (20)
Here, ω(φ) and V (φ) are functions of the scalar ﬁeld φ. The energy 
density ρ and the pressure p are:
ρ = 1
2
ω(φ)φ˙2 + V (φ),
p = 1
2
ω(φ)φ˙2 − V (φ). (21)
Furthermore, the FRW cosmological equations are given by [14]:
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k2
H2,
puni1 = puni2 = − 1
k2
(3H2 + 2H˙)
ρtot = 2ρuni1, ptot = 2puni1. (22)
Using these FRW equations, the effective equation of state is:
ωeff = ptot
ρtot
= −1− 2
3
H˙
H2
. (23)
Now, the scalar ﬁeld φ, the Hubble rate H and the scale factor a(t)
can be chosen follow as:
φ = t,
H = h20
(
1
t20 − φ2
+ 1
t21 + φ2
)
,
a(t) = a0
(
t + t0
t0 − t
) h20
2t0
e
− h
2
0
2t0
Arctan(
t1
t ). (24)
Then, using Eqs. (23) and (24), the effective EoS parameter is writ-
ten as [13,14]:
ωeff = p
ρ
= −1− 8
3h20
t(t − t+)(t − t−)
(t21 + t20)2
(25)
Since a = 0 at t = −t0, one may regard this time corresponding 
to the birth of the universe. We ﬁnd that H has two minima at 
t = t± = ±
√
t20−t21
2 and at t = 0. Besides H has a local maximum. 
Hence, the phantom phase (ωeff < −1) occurs for t− < t < 0 and 
t > t+ , while the non-phantom phase (ωeff > −1) for −t0 < t < t−
and 0 < t < t+ . It is worth noticing that there is a Big-Rip type 
singularity at t = t0 [13,14].
Now, using Eq. (19), we obtain the equation of state on the 
universe brane in the ﬁnite temperature BIon conﬁguration:
ωBIon = − 4cosh
2 α
4cosh2 α + 1
(
1+ (t−)
2 − (t − t−)2
(t − t−)2
)
. (26)
As it can been seen from Eq. (26), the equation of state is less than 
−1 in the range of t− < t < 0 and it is evaluated from phantom 
to non-phantom phase at t = 0. Equating this equation of state 
with equation of state in Eq. (25), we can ﬁnd the explicit form of 
temperature T , that is
T ∼
(
1+ (t−)
2 − (t − t−)2
(t − t−)2
)1/4
1(
1+ 8
3h20
t(t−t+)(t−t−)
(t21+t20)2
) . (27)
Eq. (27) indicates that temperature is inﬁnite at t = t− and de-
creases with time. However, the velocity of this decreasing is very 
high in the range of t− < t < 0. This result is in good agreement 
with observational data.
We assume that the wormhole is created at t = t− and σ = σ0
and it vanishes at t = 0 and σ0 = 0. In this period of time, we 
can write: σ0 = 0−t0−t− σ . Using this and putting the energy density 
of the two universes equal to the energy density of the BIon, we 
obtain σ in terms of time:
ρtot = ρBIon → 6
k2
H2 = 2T
2
D3
π T 4
F (σ )√
F 2(σ ) − F 2(σ0)
σ 2
× 4cosh
2 α + 1
cosh4 α
→ σ ∼
(
1+ (t−)
2 − (t − t−)2
(t − t−)2
)−1/4
×
(
(t − t−)
(t−)2 − (t − t−)2
)(
1+ 8
3h2
t(t − t+)(t − t−)
(t2 + t2)2
)
(28)
0 1 0According to this result, σ is zero at t = t−; however, with time 
evolution, it accelerates and tends to very higher values in a short 
period. From this point of view, the behavior of σ is the same as 
the scale factor a(t).
3. Stage 2: the non-phantom standard cosmology
In this section, we propose a model that allows to consider the 
non-phantom model in the brane–antibrane system. In this stage, 
with decreasing temperature and distance between two branes, the 
wormhole between brane and anti-brane evaporates and tachyon 
is born. The expansion of the two FRW universes is controlled 
by the tachyonic potential between branes and evolves from non-
phantom to phantom phase.
To construct a non-phantom model, we consider a set of 
D3–D3-brane pairs in the background (6) which are placed at 
points z1 = l/2 and z2 = −l/2 respectively so that the separation 
between the brane and antibrane is l. For the simple case of a sin-
gle D3–D3-brane pair with open string tachyon, the action is [18]:
S = −τ3
∫
d9σ
2∑
i=1
V (TA, l)e−φ(
√
−det Ai)
(Ai)ab =
(
gMN − TA
2l2
Q
gMzgzN
)
∂ax
M
i ∂bx
M
i + F iab
+ 1
2Q
((DaTA)(DbTA)
∗ + (DaTA)∗(DbTA))
+ il(gaz + ∂azi gzz)(TA(DbTA)∗ − TA∗(DbTA))
+ il(TA(DaTA)∗ − TA∗(DaTA))(gbz + ∂bzi gzz), (29)
where
Q = 1+ TA2l2gzz,
DaTA = ∂aTA− i(A2,a − A1,a)TA, V (TA, l) = gsV (TA)
√
Q ,
eφ = gs(1+ R
4
z4
)−
1
2 . (30)
The quantities φ, A2,a and F iab are the dilaton ﬁeld, the gauge ﬁelds 
and ﬁeld strengths on the world-volume of the non-BPS brane re-
spectively; TA is the tachyon ﬁeld, τ3 is the brane tension and 
V (TA) is the tachyon potential. The indices a, b denote the tangent 
directions of D-branes, while the indices M, N run over the back-
ground ten-dimensional space–time directions. The Dp-brane and 
the anti-Dp-brane are labeled by i = 1 and 2 respectively. Then the 
separation between these D-branes is deﬁned by z2 − z1 = l. Also, 
in writing the above action, we are using the convention 2πα′ = 1.
Let us consider, for simplicity, the only σ dependence of the 
tachyon ﬁeld TA and set the gauge ﬁelds to zero. In this case, the 
action (29) in the region that r > R and TA′ ∼ constant simpliﬁes 
to
S  −τ3
gs
∫
dt
∫
dσσ 2V (TA)(
√
D1,TA +
√
D2,TA), (31)
where D1,TA = D2,TA ≡ DTA , V3 = 4π
2
3
is the volume of a unit 
sphere S3 and
DTA = 1+ l
′(σ )2
4
+ TA2l2, (32)
where the prime denotes a derivative with respect to σ . A useful 
potential that can be used is [19–21]:
V (TA) = τ3√ . (33)
cosh πTA
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calculating its functional derivative with respect to the ten-
dimensional background metric gMN . The variation is T MN =
2√− det g δSδgMN . We get [18],
T 00i = V (TA)
√
DTA,
T zzi = −V (TA)
1√
DTA
(TA2l2 + l
′ 2
4
)
T σσi = −V (TA)
Q√
DTA
. (34)
Now, using the above equation, we obtain the equation of state as:
ωbrane-antibrane = − 1+ TA
2l2
1+ l′ 24 + TA2l2
(35)
This equation indicates that the equation of state is negative both 
at the beginning and at the end of this era and bigger than −1
in the range of 0 < t < t+ . Assuming the equation of state equal 
to the equation of state in (25) (which corresponds to the uniﬁed 
theory and can be applied for all the three phases) and assuming 
σ ∼ t , l ∼ l0(1 − t+t22 + t
3
3 ) and l
′ ∼ l0t(t − t+), we get:
TA ∼ t
4
(t21 + t20)
(
2+ 8
3h20
t(t+−t)(t−t−)
(t21+t20)2
) (36)
Eq. (36) shows that when two branes are very distant from each 
other (t = 0, l = l0), the tachyon ﬁeld is zero, whereas moving the 
branes towards each other, the value of tachyon increases and be-
comes very large at t = t+ .
4. Stage 3: the late-time acceleration
In the previous section, we considered that the tachyon ﬁeld 
grows slowly (TA ∼ t4/t3 = t) and we ignored TA′ = ∂TA
∂σ and 
T˙A = ∂TA
∂t in our calculations. In this section, we discuss that with 
the decreasing of the distance separation between the brane and 
antibrane universes, the tachyon ﬁeld grows very fast and TA′ and 
T˙A cannot be discarded. This dynamics leads to the formation of 
a new wormhole. In this stage, the Universe evolves from non-
phantom phase to a new phantom phase and consequently, the 
phantom-dominated era of the universe accelerates and ends up 
into the Big-Rip singularity. In this case, the action (29) is given by 
the following Lagrangian L:
L  −τ3
gs
∫
dσσ 2V (TA)(
√
D1,TA +
√
D2,TA), (37)
where
D1,TA = D2,TA ≡ DTA = 1+ l
′(σ )2
4
+ T˙A2 − TA′ 2, (38)
where we assume that TAl  TA′ . Now, we study the Hamiltonian 
corresponding to the above Lagrangian. In order to derive such 
Hamiltonian, we need the canonical momentum density  = ∂L
∂ T˙A
associated with the tachyon, that is
 = V (TA)T˙A√
1+ l′(σ )24 + T˙A
2 − TA′ 2
, (39)
so that the Hamiltonian can be obtained as:
HDBI = 4π
∫
dσσ 2T˙A− L. (40)By choosing T˙A = 2TA′ , this gives:
HDBI = 4π
∫
dσσ 2
[
(T˙A− 1
2
TA′)
]
+ 1
2
TA∂σ (σ
2) − L
(41)
In this equation, we have, in the second step, integrated by parts 
the term proportional to T˙A, indicating that tachyon can be studied 
as a Lagrange multiplier imposing the constraint ∂σ (σ 2V (TA)) =
0 on the canonical momentum. Solving this equation yields:
 = β
4πσ 2
, (42)
where β is a constant. Using (42) in (40), we get:
HDBI =
∫
dσ V (TA)
√
1+ l
′(σ )2
4
+ T˙A2 − TA′ 2FDBI,
FDBI = σ 2
√
1+ β
σ 2
(43)
The resulting equation of motion for l(σ ), calculating by vary-
ing (43), is⎛
⎜⎝ l′FDBI
4
√
1+ l′(σ )24
⎞
⎟⎠
′
= 0 (44)
Solving this equation, we obtain:
l(σ ) = 4
∞∫
σ
dσ
(
FDBI(σ )
FDBI(σ0)
− 1
)− 12 = 4
∞∫
σ
dσ ′
⎛
⎜⎝
√
σ 40 + β2√
σ ′4 − σ 40
⎞
⎟⎠
(45)
This solution, for non-zero σ0, represents a wormhole with a ﬁ-
nite size throat. However, this solution is not complete, because 
we ignored the acceleration of branes. This acceleration is due to 
the tachyon potential between the branes (a ∼ ∂V (T )
∂σ ). According to 
recent investigations [22], each of the accelerated branes and an-
tibranes detects the Unruh temperature (T = h¯a2kBπc ). We will show 
that this system is equivalent to the black brane. The equation of 
motion obtained from action (43) is:(
1√
DTA
TA′(σ )
)′
= 1√
DTA
[
V ′(TA)
V (TA)
(DTA − TA′(σ )2)
]
(46)
We can reobtain this equation in accelerated fame from the equa-
tion of motion in the ﬂat background of (6):
−∂
2TA
∂τ 2
+ ∂
2TA
∂σ 2
= 0 (47)
By using the following re-parameterizations
ρ = σ
2
w
,
w = V (TA)
√
DTAFDBI
2MD3-brane
τ¯ = γ
t∫
0
dτ ′ w
w˙
− γ σ
2
2
(48)
and doing following calculations:
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∂τ¯
∂τ
)2
−
(
∂τ¯
∂σ
)2]
∂2
∂τ 2
+
[(
∂ρ
∂σ
)2
−
(
∂ρ
∂τ
)2]
∂2
∂ρ2
}
× TA = 0 (49)
we have:
(−g)−1/2 ∂
∂xμ
[
(−g)1/2gμν
] ∂
∂xυ
TA = 0 (50)
where x0 = τ¯ , x1 = ρ and the metric elements are obtained as:
gτ¯ τ¯ ∼ − 1
β2
(
w ′
w
)2 (1− ( ww ′ )2 1σ 4
)
(
1+ ( ww ′ )2 (1+γ −2)σ 4
)1/2
gρρ ∼ −(gτ¯ τ¯ )−1 (51)
where we have used of previous assumption ( ∂TA
∂t = ∂TA∂τ = 2 ∂TA∂σ ).
Now, we can compare these elements with the line elements of 
one black D3-brane [23]:
ds2 = D−1/2 H¯−1/2(− f dt2 + dx21) + D1/2 H¯−1/2(dx22 + dx23)
+ D−1/2 H¯1/2( f −1dr2 + r2d5)2, (52)
where
f = 1− r
4
0
r4
,
H¯ = 1+ r
4
0
r4
sinh2 α,
D−1 = cos2 ε + H−1 sin2 ε,
cosε = 1√
1+ β2
σ 4
. (53)
Eqs. (51) and (52) lead to
f = 1− r
4
0
r4
∼ 1−
( w
w ′
)2 1
σ 4
,
H¯ = 1+ r
4
0
r4
sinh2 α ∼ 1+
( w
w ′
)2 (1+ γ −2)
σ 4
D−1 = cos2 ε + H¯−1sin2ε  1
⇒ r ∼ σ , r0 ∼
( w
w ′
)1/2
, (1+ γ −2) ∼ sinh2 α (54)
The temperature of the BIon system is T = 1πr0 coshα [15]. Con-
sequently, the temperature of the brane–antibrane system can be 
calculated as:
T = 1
πr0 coshα
= γ
π
(
w ′
w
)1/2
∼ γ
π
(
tanh
√
πTA+ l
′l′′ + TA′TA′′
1+ l′(σ )24 + TA′ 2
+
β
σ 3
1+ β
σ 2
)
(55)
However, this result should be corrected. Because γ depends on 
the temperature and we can write:
γ = 1
coshα
∼ 2cos δ
3
√
3− cos δ −
√
3
6 cos
2 δ
∼
2T¯ 4
√
1+ β2
σ 4
3
√
3− T¯ 4
√
1+ β2
σ 4
−
√
3
6 T¯
8(1+ β2
σ 4
)
(56)
Using Eqs. (55) and (56), we can approximate the explicit form of 
temperature:T ∼
(
4
√
3TD3
9π2N
)
3
√
π
6
√
1+ β2
σ 4
×
(
tanh
√
πTA+ l
′l′′ + TA′TA′′
1+ l′(σ )24 + TA′ 2
+
β
σ 3
1+ β
σ 2
)−1/3
(57)
This equation shows that with approaching the two branes to-
gether and increasing the tachyon, the temperature of system de-
creases. This result is consistent with the thermal history of uni-
verse that temperature decreases with time. Now, we want to esti-
mate the dependency of the tachyon on time. To this end, we cal-
culate the energy–momentum tensor components and equation of 
state. Using the energy–momentum tensor for the black D3-brane 
[15], we obtain:
T 00 = π
2
2
T 2D3r
4
0(5+ 4 sinh2 α) ∼
π2
2
T 2D3
( w
w ′
)1/2
(9+ γ −2)
∼ π
2
2
T 2D3
(
tanh
√
πTA+ l
′l′′ + TA′TA′′
1+ l′(σ )24 + TA′ 2
+
β
σ 3
1+ β
σ 2
)−1
×
⎛
⎜⎝9+ 2T¯ 4
√
1+ β2
σ 4
3
√
3− T¯ 4
√
1+ β2
σ 4
−
√
3
6 T¯
8(1+ β2
σ 4
)
⎞
⎟⎠
T ii = −γ ii π
2
2
T 2D3r
4
0(1+ 4 sinh2 α)
∼ −
(
1+ l
′2
4
)
π2
2
T 2D3
( w
w ′
)1/2
(5+ γ −2)
∼ −
(
1+ l
′2
4
)
π2
2
T 2D3
(
tanh
√
πTA+ l
′l′′ + TA′TA′′
1+ l′(σ )24 + TA′ 2
+
β
σ 3
1+ β
σ 2
)−1
×
⎛
⎜⎝5+ 2T¯ 4
√
1+ β2
σ 4
3
√
3− T¯ 4
√
1+ β2
σ 4
−
√
3
6 T¯
8(1+ β2
σ 4
)
⎞
⎟⎠ (58)
We assume that the wormhole was created at t = t+ and σ =
σ0 and will be vanished at t = trip and σ0 = 0. In this period 
of time, we can write: σ0 = t−t+trip−t+ σ . Using this and the rela-
tion (T ji = diag [ρ,−p,−p,−p,−p¯,−p,−p,−p,]), we can calcu-
late the equation of state parameter:
ωBIon =
−
(trip − t+)2(1+ β2 + (t − t+)2)
⎛
⎜⎝5+ 2T¯ 4
√
1+ β2
σ4
3
√
3−T¯ 4
√
1+ β2
σ4
−
√
3
6 T¯
8(1+ β2
σ4
)
⎞
⎟⎠
(trip − t)(trip − t + 2t+)
⎛
⎜⎝9+ 2T¯ 4
√
1+ β2
σ4
3
√
3−T¯ 4
√
1+ β2
σ4
−
√
3
6 T¯
8(1+ β2
σ4
)
⎞
⎟⎠
(59)
For β > 2√
5
, the equation of state parameter is negative one at the 
beginning of this era and less than −1 in the range of t+ < t <
trip . Putting this EOS parameter equal to EOS parameter in (25)
(which corresponds to uniﬁed theory and can be applied for all 
three phases), we get:
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history as a function of t where t is the age of universe.T ∼
(trip − t)(trip − t + 2t+)
(trip − t+)2(1+ β2 + (t − t+)2)
(
1+ 8
3h20
t(t−t+)(t−t−)
(t21+t20 )2
)( −(trip−t)(trip−t+2t+)
(trip−t+)2(1+β2+(t−t+)2) + 1
)
(60)
This equation shows that temperature decreases with time and 
tends to zero at Big-Rip singularity. As can be seen from temper-
atures in three stages of universe, temperature was inﬁnite at the 
beginning, reduces very fast in the inﬂation era, decreases with 
lower velocity in the non-phantom phase, and ﬁnally reduces with 
higher rate at the late-time acceleration converging to zero at the 
ripping time. This result is in agreement with recent observations 
and also with thermal history of universe.
5. Testing the model against observational data
In previous sections, we proposed an approach to unify inﬂa-
tion, deceleration and acceleration phases of the Universe. In this 
section, we compare qualitatively the model with cosmological 
data and obtain some results like the ripping time. To this end, 
we calculate the deceleration parameter in each era of expansion 
history. It is
q = − 1
H2
dH
dt
− 1 (61)
Using the relation 6H2 = ρUni1 + ρUni2 = ρbrane–antibrane and
Eqs. (28), (37) and (58), we ﬁnd the deceleration parameter in 
the three stages:
q ∼ −( (t−)
2 − (t − t−)2
(t − t−)2 )
4
×
[8[(t − t+)(t − t−) + t(t − t−) + t(t − t+)]
3h20 + 8 t(t−t+)(t−t−)(t21+t20)2
+ 2 ((t−)
2 − (t − t−)2)(t − t−) + (t − t−)3
(1+ (t−)2−(t−t−)2
(t−t−)2 )
3/2
+ 2 (t − t−)
3 + (t − t−)((t−)2 − (t − t−)2)
((t−)2 − (t − t−)2)2
]
, t− < t < 0
q ∼ tanh
⎛
⎝√π t4(t+ − t)
(t21 + t20)(2+ 83h2
t(t+−t)(t−t−)
(t2+t2)2 )
⎞
⎠0 1 0×
[
1+ t
4(t+ − t)
(t21 + t20)(2+ 83h20
t(t+−t)(t−t−)
(t21+t20)2
)
+ t(t+ − t)
]1/2
+ sinh2
⎛
⎝√π t4(t+ − t)
(t21 + t20)(2+ 83h20
t(t+−t)(t−t−)
(t21+t20)2
)
⎞
⎠
×
(t+ − 2t) + t3(4t+−5t)
(t21+t20)(2+ 83h20
t(t+−t)(t−t−)
(t21+t20)2
)⎡
⎣1+ t4(t+−t)
(t21+t20)(2+ 83h20
t(t+−t)(t−t−)
(t21+t20)2
)
+ t(t+ − t)
⎤
⎦
, 0< t < t+
q ∼
−
(t − t+)6
(
1+ 8
3h20
t(t−t+)(t−t−)
(t21+t20)2
)5( −(trip−t)(trip−t+2t+)
(trip−t+)2(1+β2+(t−t+)2) + 1
)5
(trip − t)3(trip − t + 2t+)3
t+ < t < trip (62)
In Figs. 1a, 1b and 1c, we sketch the deceleration parame-
ter for three phases of expansion history as a function of the 
age of universe t . In these plots, we choose t− = −0.005(yr), 
t+ = 0.4(Gyr) and trip = 30(Gyr). We ﬁnd that q = −0.542 leads 
to tuniverse = 13.5(Gyr). This result is compatible with SNeIa data 
[24]. As it can be seen from Fig. 1a, the deceleration parameter is 
negative in the range t− < t < 0 and becomes zero at t = 0. This 
means that the Universe inﬂates in this period of time. In Fig. 1b, 
we observe that q is zero at t = 0 and t = t+ and has a maximum 
in this epoch. Finally, this parameter (Fig. 1c) is negative again in 
today acceleration epoch and tends to −∞ at Big-Rip singularity.
6. Summary and discussion
In this paper, we proposed a model that allows to account for 
dynamics of the transition from the phantom inﬂationary to the 
non-phantom standard cosmology and to recover the today ob-
served acceleration epoch. At the ﬁrst stage of evolution, a BIon 
system is formed due to the dynamics of black fundamental strings 
at transition point. This BIon is a conﬁguration in ﬂat space of 
a universe brane and a parallel antibrane connected by a worm-
hole. With decreasing temperature, wormhole becomes thinner, its 
energy ﬂows into the universe branes and causes their growth. 
After a short time, this wormhole evaporates, inﬂation ends and 
8 A. Sepehri et al. / Physics Letters B 747 (2015) 1–8non-phantom era begins. Eventually, two universe brane and an-
tibrane become close to each other, tachyonic potential between 
them increases and a new wormhole is formed. In this condi-
tion, the Universe evolves from non-phantom phase to phantom 
one and consequently, a phantom-dominated era of the Universe 
accelerates and ends up into Big-Rip singularity. Comparing this 
model with previous uniﬁed cosmology models and observational 
data, it is possible to obtain some phenomenological parameters in 
terms of time. In a forthcoming paper, we will develop the model 
in view of cosmological observations adopting the approach dis-
cussed in [9].
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